7 1
FtsZ/FtsZ-MTS structures took 23.7 s ± 1.9 s (mean ± S.D., n = 3) to recover half the maximum 1 7 2 intensity (Supplementary figure 1C) , confirming that these structures are undergoing rapid 1 7 3 turnover. 1 7 4
Next, we turned our attention to the role of the CTL in regulating FtsZ assembly on SLB. Since 1 7 5 we could not attain labeling efficiency greater than 6% for ∆ CTL, we used 6% Alexa488 labeled 1 7 6
FtsZ or ∆ CTL in our experiments. On introduction of 2 mM GTP into a reaction containing 2 µM 1 7 7
FtsZ (6% Alexa488 labeled) with 2 µM FtsZ-MTS, we observed structures similar to those 1 7 8 observed for 2 µM FtsZ (35% Alexa488 labeled) with 2 µM FtsZ-MTS ( Figure 3A , Movie 3.1). By 1 7 9 measuring change in intensity following the introduction of FtsZ-MTS or GTP into flow cells 1 8 0 equilibrated with FtsZ and GTP, or FtsZ and FtsZ-MTS, correspondingly, we confirmed that the 1 8 1 assembly of these structures on the SLB was MTS-and GTP-dependent (Supplementary figure 1 8 2 2A, 2B). 1 8 3 Intriguingly, with 2 µM ∆ CTL (6% Alexa488 labeled) and 2 µM ∆ CTL-MTS, we observed the 1 8 4 rapid appearance of extended bright structures on the SLB following the introduction of GTP in 1 8 5 addition to dynamic clusters similar to those observed for FtsZ/FtsZ-MTS ( Figure 3A , 3B, Movie 1 8 6 3.2). Most of these structures oriented parallel to the direction of flow. After their rapid 1 8 7 appearance, these structures disassembled gradually ( Figure 3B, Supplementary figure 2C ). At 1 8 8 steady state, ∆ CTL/∆CTL-MTS protofilaments assembled as structures similar to FtsZ/FtsZ-1 8 9 MTS ( Figure 3A, Supplementary figure 2D ). However, these structures were comparatively 1 9 0 sparse -whereas the local intensities of FtsZ/FtsZ-MTS patterns appear diffuse when averaged 1 9 1 over time, ∆ CTL/∆CTL-MTS patterns contain more gaps between regions of high average 1 9 2 intensities (Supplementary figure 2D ). This result is in line with the sparse appearance of ∆ CTL 1 9 3 polymers on electron microscopy grids and the lower steady state light scatter observed for 1 9 4 ∆ CTL compared to WT FtsZ in solution (Sundararajan et al 2015, Sundararajan and Goley 1 9 5 2017). 1 9 6
The dimensions of the elongated structures of ∆ CTL/∆CTL-MTS on SLB are similar to the 1 9 7 largest multi-filament bundles previously observed for ∆ CTL polymers by electron microscopy 1 9 8 (Sundararajan and Goley, 2017) . Such bundles were never observed for WT FtsZ or CTL 1 9 9 variants, namely L14 (FtsZ with a 14 amino acid CTL) and HnCTL (FtsZ with CTL sequence 2 0 0 from Hyphomonas neptunium) (Sundararajan and Goley, 2017) . When we tested the assembly 2 0 1 of L14/L14-MTS or HnCTL/HnCTL-MTS copolymers on SLBs, we did not observe any 2 0 2 elongated structures. Similar to FtsZ/FtsZ-MTS assembly on membranes, L14/L14-MTS and 2 0 3 HnCTL/HnCTL-MTS assembled into speckled cloud-like structures composed of dynamic 2 0 4 fluorescent clusters at steady state ( Figure 3A , Movie 3.3, Movie 3.4). From these observations, 2 0 5 we conclude that the elongated structures observed specifically for ∆ CTL/∆CTL-MTS on SLB 2 0 6 are large multi-filament bundles. 2 0 7
In situ assembly/disassembly of FtsZ protofilaments on SLBs 2 0 8
While the appearance of large ∆ CTL/∆CTL-MTS bundles on SLBs is consistent with previous 2 0 9 observations from electron microscopy that the CTL regulates lateral interaction between 2 1 0 protofilaments (Sundararajan and Goley, 2017), we suspected that these structures are 2 1 1 assembled in solution (upstream of the flow cell) during pre-incubation with GTP. Because we 2 1 2 are interested in observing the behavior of structures that form on membranes de novo, we 2 1 3 therefore altered the flow cell setup to rapidly control the availability of GTP within the flow cell 2 1 4 allowing us to induce polymerization (or depolymerization) in situ. We flowed the protein mixture 2 1 5 and GTP through two separate, parallel inputs into the flow cell with equal flow rates (Figure 2 1 6 4A). During flow, the protein and GTP channels meet within the flow cell and maintain a laminar 2 1 7 boundary ( Figure 4A ). As long as flow is maintained, the laminar boundary acts as a diffusion 2 1 8 barrier and constrains polymerization to the interface between the protein and GTP channels 2 1 9 ( Figure 4B -E, Movies 4.1 -4.4). When flow is stopped, the two channels mix by diffusion, 2 2 0 rapidly initiating polymerization on the protein side due to the much faster diffusion of GTP 2 2 1 compared to FtsZ monomers or polymers. Restarting flow rapidly depletes GTP from the protein 2 2 2 side, thereby favoring depolymerization and disassembly of FtsZ polymers. Thus, by controlling 2 2 3 the flow, we can initiate assembly and disassembly of FtsZ polymers in situ within the flow cell 2 2 4 ( Figure 4A ).
5
To confirm that we can achieve such flow-dependent control on FtsZ assembly, we imaged the 2 2 6 microfluidic chamber at 10x magnification while simultaneously flowing 2 µM FtsZ (6% FtsZ-2 2 7
Alexa488) and 2 µM FtsZ-MTS mixture in the protein channel and 2 mM GTP in the GTP 2 2 8 channel and subsequently stopping flow. Initially, on starting flow, we observed a rapid increase 2 2 9 in fluorescence intensity only at the laminar boundary between the protein and GTP channels 2 3 0 ( Figure 4B , Movie 4.1). On the protein side, we observed a minor increase in fluorescence 2 3 1 intensity likely due to unbound fluorescently labeled FtsZ monomers within the evanescent 2 3 2 volume close to the SLB surface. On the GTP side, there was no significant increase in 2 3 3 fluorescence intensity above background levels ( Figure 4B , Movie 4.1). Immediately after the 2 3 4 flow was stopped, we observed an increase in fluorescence intensity that spread gradually into 2 3 5 the protein side, perpendicular to the original laminar boundary. On restarting flow, the average 2 3 6 fluorescence intensity on the protein side decreased quickly until reaching levels comparable to 2 3 7 background ( Figure 4C , Movie 4.2). Subsequently, after the flow was stopped, the average 2 3 8 fluorescence intensity increased once again, returning to values comparable to those observed 2 3 9 before the flow was re-started ( Figure 4C Next, we observed the structures formed by FtsZ/FtsZ-MTS on the protein side of the original 2 5 5 laminar boundary at 100x magnification. Immediately after stopping flow, we observed dynamic 2 5 6 fluorescent clusters that assembled into speckled structures at steady state ( Figure 5A closest to the original laminar boundary on the protein channel side ( Figure 4F ). Unlike the 1-2 6 7 inlet setup, we did not observe thick, individual bundles of ∆ CTL/∆CTL-MTS copolymers on the 2 6 8 SLB when polymerized in situ.
6 9
In addition to the structural differences between the polymers formed by FtsZ/FtsZ-MTS and 2 7 0 ∆ CTL/∆CTL-MTS on SLB, we also observed significant differences in their dynamics. When we 2 7 1 rapidly depleted GTP from the protein side by restarting flow, we observed that whereas the 2 7 2
FtsZ structures disassembled at the rate of 3.6 ± 0.1 min -1 (mean ± S.D., n = 4, 2 µM total 2 7 3 protein), ∆ CTL/∆CTL-MTS structures disassembled at a slower rate of 2.1 ± 0.5 min -1 (mean ± 2 7 4 S.D., n = 3, 2 µM total protein) ( Figure 5D , Supplementary figure 3D, 3E). The decreased rate of 2 7 5 disassembly of ∆ CTL/∆CTL-MTS on depleting GTP mirrored the decreased rate of fluorescence 2 7 6 recovery after photobleaching observed for these structures compared to FtsZ/FtsZ-MTS 2 7 7 ( Figure 5E ). Whereas FtsZ/FtsZ-MTS took 13 s ± 3 s (mean ± S.D., n = 3) to recover 50% of 2 7 8 fluorescence following photobleaching, ∆ CTL/∆CTL-MTS took 42 s ± 18 s (mean ± S.D., n = 3) 2 7 9 to recover fluorescence intensity with about 35% loss in fluorescence intensity following 2 8 0 photobleaching. These results indicate that the structures formed by ∆ CTL/∆CTL-MTS are more 2 8 1 stable and have slower turnover compared to FtsZ/FtsZ-MTS. 2 8 2 Discussion 2 8 3
For polymerizing proteins such as FtsZ, their assembly properties are essential for their 2 8 4 function. Observing the assembly of FtsZ polymerization in its physiological context is 2 8 5 challenging in part due to the limitations of the spatio-temporal resolution of light microscopy 2 8 6 and the complexity of multiple interacting components. In vitro reconstitution techniques have 2 8 7 proven valuable for observing the assembly of dynamic cytoskeletal protein polymers from 2 8 8 eukaryotes, and more recently, from bacteria. In the current study, we have described an in vitro 2 8 9 reconstitution approach for observing FtsZ polymerization on planar SLBs, which, in addition to 2 9 0 providing high spatial and temporal resolution, enables control of reaction conditions. As a 2 9 1 validation of our approach, we demonstrate the reconstitution of His 6 -Ec FtsZ-venus-MTS 2 9 2 polymers into dynamic patterns ( Figure 1B et al., 2014; Ramirez et al., 2016) . Unlike for E. coli FtsZ or Ec His 6 -FtsZ-2 9 5 venus-MTS on SLB, we never observed stable patterns of dynamic filament bundles for C. 2 9 6 crescentus FtsZ on SLBs. Instead, we observed dynamic clusters that organize into speckled 2 9 7 patterns ( Figure 1F ). Using our approach to understand the effects of the CTL on regulating 2 9 8 lateral interaction between C. crescentus FtsZ protofilaments, we observed that C. crescentus 2 9 9 ∆ CTL forms networks of straight filamentous structures ( Figure 5A FtsZ-venus-MTS look comparable ( Figure 1E ). In both cases, dynamic clusters that are 3 0 7 approximately 400 nm in diameter (or width) appear on the SLBs at the initial stage of polymer 3 0 8
assembly. Similar dynamic clusters were observed with the CTL-variants of Cc FtsZ examined 3 0 9
here, soon after the addition of GTP ( Figure 3A ). While the spatial resolution of the imaging 3 1 0 system used here does not yield information on the organization within these nucleotide-3 1 1 dependent clusters, these clusters likely correspond to short individual protofilaments of FtsZ or 3 1 2 bundles of a small number of short filaments, as observed by electron microscopy 3 1 3 ∆ CTL forms bundles in solution that can be observed on carbon-coated 3 3 6 grids by electron microscopy (Sundararajan and Goley, 2017) or SLBs by TIRFM ( Figure 3) . In 3 3 7 addition to elaborating on the structural differences previously observed by electron microscopy, 3 3 8
we observe clear differences in dynamics between FtsZ and ∆ CTL using the approach 3 3 9 et al., 2004; Buss et al., 2015) ). Similar recovery rates have been observed for B. 3 4 5 subtilis FtsZ in vivo (~10 s (Anderson et al., 2004) ).). ∆ CTL polymers have a slower GTP 3 4 6 hydrolysis rate (Sundararajan and Goley, 2017) and take proportionally longer to disassemble 3 4 7 after GTP depletion ( Figure 5D, Supplementary Figure 3D , 3E) or to recover after 3 4 8 photobleaching ( Figure 5E ). These results confirm that the decrease in GTP hydrolysis rate 3 4 9 observed for ∆ CTL is directly linked to its turnover. Interestingly, mutants of FtsZ with similar (or 3 5 0 reduced) GTP hydrolysis rates compared to ∆ CTL do not cause envelope bulging and cell lysis 3 5 1 in vivo (Sundararajan et al., 2015) or affect polymer structure in vitro (Sundararajan and Goley, 3 5 2 2017). Therefore, we postulate that the combined effects of the CTL on organization and 3 5 3 turnover of protofilaments contribute to ∆ CTL's lethal effects on cell wall metabolism in vivo. 3 5 4
Although the intrinsic assembly properties of FtsZ from C. crescentus on SLBs differ from those 3 5 5 of FtsZ from E. coli as reported here, the structures formed by each in cells are remarkably 3 5 6 similar. This implicates regulatory factors in vivo in modifying the assembly properties of FtsZ to 3 5 7 generate a Z-ring with the appropriate dynamics and structure to effect division. The repertoire 3 5 8 of Z-ring associated proteins that affect protofilament bundling and/or turnover is vast and varies ZapA has no appreciable effects on C. crescentus FtsZ protofilaments in vitro (Woldemeskel et 3 6 8 al., 2017). Such differences in the availability and activity of FtsZ-bundling proteins could rectify 3 6 9 the species-specific differences in the intrinsic higher order assembly of FtsZ we observe here 3 7 0 to yield similar in vivo structures (Figure 1 ). Determining the effects of FtsZ-bundling proteins 3 7 1 and other regulators of FtsZ assembly on the higher order assembly of protofilaments on SLBs 3 7 2 will provide further insight into the regulation of Z-ring structure and dynamics in vivo. 3 7 3
Overall, our study provides the first characterization of polymer structure and dynamics on the 3 7 4 membrane for FtsZ from a species other than E. coli. We have added spatio-temporal detail to 3 7 5 the regulatory effects of the CTL on inter-filament interaction and turnover of C. crescentus 3 7 6
FtsZ. While the current study uses an artificial membrane targeting sequence to constrain FtsZ 3 7 7 polymerization to the membrane, expanding the study to include physiological membrane 3 7 8 anchoring proteins such as FtsA and FzlC will be important future work. Furthermore, a large 3 7 9 number of components of the division machinery dynamically interact with FtsZ, including those 3 8 0 directly involved in peptidoglycan synthesis remodeling. The extension of the cell-free 3 8 1 reconstitution system described here to investigate the interaction between FtsZ and the 3 8 2 division machinery would greatly contribute to our understanding of the bacteria cell division L14 -pEG723, L14-MTS -pEG1297, HnCTL -pEG676, HnCTL-MTS -pEG1296) used in this 3 9 0 study were expressed for purification in E. coli Rosetta(DE3)pLysS cells using pET21a 3 9 1 expression vectors ( Supplementary Table 1 ). Nucleotide sequence information for previously 3 9 2 unpublished plasmids are provided in Supplementary information. All FtsZ variants were purified 3 9 3 using the previously published protocol for purifying C. crescentus FtsZ (Sundararajan et al., 3 9 4 2015; Sundararajan and Goley, 2017) . Cells were induced for expression of FtsZ variants for 3 3 9 5 hours at 37 o C at OD600 = 1.0 and pelleted following induction. The cell pellets were 3 9 6 resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 50 mM KCl, 1 mM EDTA, 10% glycerol, 3 9 7
DNase I, 1 mM β -mercaptoethanol, 2 mM PMSF with cOmplete mini, EDTA-free protease 3 9 8 inhibitor tablet (Roche)), and lysed using lysozyme treatment (1 mg/mL) for 1 hour, followed by 3 9 9 sonication to complete lysis. The lysate was then centrifuged at 6000xg for 30 minutes to One-and two-inlet flow cells were prepared as described previously with a few modifications 4 2 4 (Vecchiarelli et al., 2016) . Quartz glass slides with drilled one or two inlet holes and one outlet 4 2 5 hole each (Esco products) were cleaned by washing overnight in NOCHROMIX glass cleaner 4 2 6 (Sigma), rinsed with ultrapure water, air dried, and treated with low-power plasma cleaning in 4 2 7 the presence of argon and oxygen. A rectangular piece of 25-µm thick acrylic transfer tape (3M) 4 2 8 of ~ 5 cm x ~ 3.5 cm was cut to demarcate the required chamber dimensions (for one-inlet flow 4 2 9 cell, rectangular region of 4 mm wide x 3 cm long was cut out, for two-inlet flow cell, y-shaped 4 3 0 region with a uniform width of 4 mm was cut out). The tape was placed between the glass slide 4 3 1 and cover slip. Nanoports (Upchurch) adapters were attached to the slides above the holes with 4 3 2 optical adhesive. The flow cell was then baked at 65 o C for 1 hour. 4 3 3
We often observed that FtsZ protofilaments were preferentially recruited or excluded along 4 3 4 parallel straight lines on the SLBs. We hypothesized that this was due to scratches along the 4 3 5 glass surface, giving rise to extended regions of curved membrane. While we observed these 4 3 6 ordered linear patterns for Ec His 6 -FtsZ-venus-MTS, Cc FtsZ-venus-MTS as well as with 4 3 7
Alexa488-labeled FtsZ, they were most obvious in experiments using partially labeled FtsZ (for 4 3 8 example, FtsZ (35% FtsZ-Alexa488)/FtsZ-MTS). To avoid loss in signal-to-noise in imaging 4 3 9 regions adjacent to scratches and to prevent possible artifacts, we treated the glass slides with resuspended in chloroform at 25 mg/mL were mixed to appropriate ratios in glass tubes pre-4 5 0 rinsed with chloroform. After thorough mixing, the lipid mixture was dried by evaporating 4 5 1 chloroform using dry N 2 gas with constant rotation to make a thin layer of dry lipids and was 4 5 2 dried further in a SpeedVac Concentrator (Savant) for 1 hour at 42 o C initially and 1 hour at 4 5 3 room temperature subsequently. The dried lipid mixture was resuspended by vortexing in 4 5 4 degassed TK150 buffer (25 mM Tris-HCl, pH 7.4, 150 mM KCl) to a lipid concentration of 5 4 5 5 mg/mL and was incubated overnight in the dark at room temperature in an N 2 atmosphere (N2 4 5 6 box). The next day, the aqueous resuspension of lipids was mixed thoroughly by vortexing and 4 5 7 was transferred to polystyrene tubes. The resuspension was sonicated at 23 o C immersed in a 4 5 8
water bath sonicator (Qsonica model #Q700A) at 70 W for 5 minutes (30 s/pulse with 10 s rest) 4 5 9 until the turbid resuspension (made of multilamellar vesicles of non-uniform dimensions) turned 4 6 0 translucent and blue-shifted (corresponding to ~ 100 nm small unilamellar vesicle or SUVs).
6 1
Under N 2 atmosphere, the sonicate was then filtered using 0.2 micron filter to purify SUVs, 4 6 2 aliquoted and stored in Teflon-coated and parafilm-sealed glass vials at 4 o C. SUV stocks were 4 6 3 used within 5 weeks from the date of preparation. 4 6 4
Preparation of SLBs 4 6 5
Supported lipid bilayers were made by triggering attachment of SUVs to plasma cleaned glass 4 6 6 slide surface within the flow cell by incubation with 5 mM MgCl 2 in TK150 buffer for 1 hour at 37 4 6 7 o C. The flow cell was first equilibrated by flowing in TK150 buffer pH 7.4 containing 5 mM MgCl 2 4 6 8 (TK150M5). The SUVs from the stock solution were diluted to 0.5 mg/mL in TK150M5 buffer 4 6 9 and the solution was incubated at 37 o C for 5 minutes. 300 µL of the SUV solution in TK150M5 4 7 0 was then flowed in at 10 µL/min into the flow cell maintained at 37 o C. The flow cell was then 4 7 1 incubated for 1 hour at 37 o C to allow fusion of SUVs to form supported lipid bilayers. The 4 7 2 excess SUVs were removed by flowing in 500 µL of TK150M5 buffer. The flow cells with SLBs 4 7 3 were then equilibrated for subsequent experiments by flowing in appropriate reaction buffers. 4 7 4
The flow cells were maintained at 37 o C until mounting on the microscope stage and were 4 7 5 These reaction conditions and membrane composition were determined to be optimum for -normal, electron-multiplying gain -40, EM CCD temperature --98 o C, baseline clamp -ON, 5 0 1 exposure time -100 ms. 5 0 2
The excitation at 488 nm for FtsZ-venus-MTS and Alexa fluor 488 labeled FtsZ was provided 5 0 3 using a 488 nm diode-pumped solid-state laser (Sapphire, Coherent) at 8 µW. TIRF illumination 5 0 4 had a Gaussian shape in the field of view that could be broadened using a diffuser at the 5 0 5 incident beam. Images were acquired in regions of uniform illumination profile to improve signal 5 0 6 to noise. 5 0 7
Images were acquired at 0.5, 2 or 5 seconds per frame as mentioned in movie legends using 5 0 8
Metamorph 7 (Molecular Devices) to make time-lapse movies in ImageJ (National Institute of 5 0 9
Health). Movies were made from 150 px x 150 px or 200 px x 200 px regions of interest (ROIs) 5 1 0 that were cropped from 512 px x 512 px fields of view and brightness/contrast adjusted, by 5 1 1 enhancing contrast by saturating the highest 2% of intensities for each frame. The same 5 1 2 brightness adjustment was applied to each frame. Movies were then converted to Audio Video 5 1 3
Interleave format (.avi). Representative still images were made from 5 s time averages at 5 1 4 specified time points (i.e. 10 frame time average for 0.5 seconds per frame acquisition, 5 frame 5 1 5 time average for 2 seconds per frame acquisition, and 2 frame time average for 5 seconds per 5 1 6 frame acquisition), to improve signal to noise. 5 1 7
Dimensions of fluorescent clusters of E. coli His 6 -FtsZ-venus-MTS and C. crescentus FtsZ-5 1 8 venus-MTS and of bundles of E. coli His 6 -FtsZ-venus-MTS on SLBs in Figures 1D and 1E were 5 1 9 estimated using line-scans across the short axis (width) or long axis (length) of these structures. 5 2 0
The short and long axes were obvious mainly for E. coli His 6 -FtsZ-venus-MTS after 5 minutes 5 2 1 on the SLB ( Figure 1D ). For circular or amorphous clusters, the shortest distance across the 5 2 2 cluster was estimated. Fluorescent profiles were measured along lines drawn through the 5 2 3 structures. The distances between points of half-maximum intensity (full width at half-maximum) 5 2 4 were determined from polynomial fits to the fluorescence profiles that were generated using 5 2 5
Graphpad Prism Software (Graphpad Software Inc., La Jolla, CA). 5 2 6
Intensity plot profiles were measured as averages of fluorescence intensities in regions of Rapid GTP depletion to induce disassembly of FtsZ or ∆ CTL polymers on SLBs were performed 5 3 6 using the two-inlet setup as described in Figure 4 . The rate of disassembly and half-lives of the 5 3 7 polymers on SLBs after GTP depletion ( Figure 5D ) were estimated using exponential decay fits 5 3 8 to fluorescence intensity profiles over time by TIRFM at 100x magnification averaged over ROIs 5 3 9 of 40 px x 40 px ROI.
4 0
Photobleaching experiments 5 4 1 Fluorescence recovery after photobleaching (FRAP) experiments were performed using high 5 4 2 power laser applied for 3 seconds on the SLBs through the objective lens using ~ 6 times the 5 4 3 intensity used for the incident light for TIRF, while momentarily pausing image acquisition. We 5 4 4 observe a minimum 40% loss in fluorescence immediately following photobleaching in our 5 4 5 FRAP experiments. Time to half-maximum FRAP were estimated using one-phase association 5 4 6 curves fit to fluorescence intensity profiles of individual replicates. 5 4 7
